Soil protection and nutrient scavenging benefits of cover crops have been widely reported. Nevertheless, adoption of cover crops in agronomic farming systems is low. Cover crop systems that do not require annual planting may increase adoption. The objectives of this study were to compare self-seeding and competitiveness of winter wheat (Triticum aestivum L.), triticale (x Triticosecale Wittmack), and rye (Secale cereale L.) using different planting configurations and management options while growing concurrently with soybean [Glycine max (L.) Merr.]. Cover crops were planted with two or four 19-cm rows between each 76-cm soybean row. A no-cover crop check treatment was also included for comparison. Cover crop species and species 3 management system interactions were not significant for seed production or soybean seed yield. Averaged across management system, cereals produced 10 656 and 4051 seeds m 22 in 2004 and 2005.
The two-row band, no-chop treatment (2RBNC) produced the most seed (20 347 and 14 511 seeds m
22
) in 2004 and 2005, but also lowered soybean yield the greatest (45 and 40%). The four-row treatment with a late glyphosate band (4RLB) was the least competitive and yielded 3114 and 3717 kg ha 21 compared to 4019 and 4391 kg ha 21 in the check. Wheat had the greatest self-seeding, averaging about 31% of the original plant density. The four-row treatment without a glyphosate band (4RNB) could be used in organic production systems, although additional research is needed to develop less competitive self-seeding systems for conventional production systems.
T HE BENEFITS of cover crops have been widely reported (Hartwig and Ammon, 2002; Sarrantonio and Gallandt, 2003; Snapp et al., 2005) . Nevertheless, cover crop adoption in agronomic farming systems is low. In the northern USA, producers are often harvesting cash crops during the ideal cover crop planting period. Furthermore, the short-term costs associated with cover crops are difficult for producers to justify when profit margins are narrow. Reddy (2003) reported a net return for no-tillage soybean with a rye cover crop at $29 ha 21 compared with 84 and $87 ha 21 for conventional and no-tillage without a rye cover crop. These treatments yielded similarly, but the added costs for rye seed, planting, and dessication lowered the profitability compared to the standard no-cover crop system.
Innovative cover crop management systems are needed to reduce costs and maintain the same level of ecosystem benefits. Self-seeding legume cover crop systems are an example of an innovative approach relying on natural processes to reduce input costs and provide environmental protection from agricultural production. Ranells and Wagger (1992) reported that crimson clover (Trifolium incarnatum L.) successfully reseeded each year during their 3-yr study and that corn (Zea mays L.) grain yield was only marginally affected in 1 of 3 yr. They concluded that under adequate moisture conditions, a 50% dessicated strip can maximize clover N contribution, but a 75% strip-width can minimize potential competition with corn for water. Boquet and Dabney (1991) evaluated legume species for their effectiveness at reseeding and reported that crimson and subterranean (Trifolium subterraneum L.) clovers and big flower vetch (Vicia grandiflora Scop.) all reseeded before 21 April, berseem clover (Trifolium alexandrinum L.) reseeded before 13 May, and arrowleaf clover (Trifolium vesiculosum Savi.) did not reseed in a grain sorghum system in northeastern Louisiana.
Interest in legume reseeding systems was focused primarily on the N contribution from the legume to reduce N costs for subsequent crops with high N demand. Winter cereal cover crops do not offer the same potential for offsetting N costs, but do protect the soil, increase organic matter, and cycle nutrients (Hartwig and Ammon, 2002; Sarrantonio and Gallandt, 2003; Snapp et al., 2005) . Successful self-seeding winter cereal cover crop systems must not excessively compete with the cash crop. Results from relay-intercropped soybean in winter wheat in Missouri found that soybean yield, averaged across 3 yr, was reduced 12% compared with a no-wheat full-season soybean planted in 80-cm row widths when wheat was at Feekes growth stage 10.3 and no N was added (Reinbott et al., 1987) .
In self-seeding winter cereal systems where management of the cereal grain is not dependent on grain yield, it may be possible to reduce yield loss further. Singer and Kohler (2005) reported from 30 to 60% yield loss in soybean using mechanical control to suppress a rye cover crop at second node-, boot-, and anthesis growth stages. In their study, the four rows of rye planted between each 76-cm soybean row were highly competitive with soybean. Reducing the number of rows of cover crops spatially and temporally and using different winter cereals may provide more viable management options for producers, yet still provide the desirable ecosystem benefits. The objectives of this study were to: (i) compare growth and seed production of winter wheat, triticale, and rye cover crops using different planting configurations and management options while growing concurrently with soybean; (ii) quantify the competition effects on soybean yield and yield components; and (iii) determine the ability of the cover crops to self-seed. 21 N, P, and K were surface applied. The experimental design was a randomized complete block with treatments arranged as a split-plot with four replicates. Cover crop species main plots were randomly assigned to winter rye ('Rymin'), wheat ('Karl 92') and triticale ('Dé cor' in 2003 and 'Kitaro' in 2004 At cover crop maturity, a 0.5-m 2 sample (two rows, 0.38 m wide by 1.32 m long) was collected from each subplot to determine shoot DM, spike number, and seed number. All cover crop plant samples were collected from the two interior rows in each interrow. Samples were collected when cereal treatments reached Feekes growth stage 11.4. At the R8 growth stage (Ritchie et al., 1994) of soybean, plant height from the soil surface to main stem tip was measured on 10 plants in each subplot and soybean plant population density was measured by counting all plants in 6.1 m of the three interior rows of each subplot. A harvest sample was collected from a 0.76-m 2 area to determine pod number, seed number pod
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, and weight per 100 seed. In 2004, seed yield was calculated from this sample because of contamination from cover crop seed during soybean combine harvest. In 2005, seed yield was calculated from the combine harvest of the interior three rows of each subplot. Subsamples were collected to determine the mass fraction of cover crop seed and subtracted to obtain soybean seed weight. Seed yield data were corrected to 130 g kg 21 moisture. Cover crop self-seeding plant density was obtained by counting all of the plants in a 2.3-m 2 area in each subplot on 11 and 2 Nov. 2004 and 2005. Daily rainfall and air temperature were recorded at a weather station about 3 km from the experimental site and presented by month for each growing season (Table 2) . Statistical analysis was conducted using analysis of variance with block and block by species as random effects and cereal species and management system as fixed effects. Weed density data were square root transformed. Mean separation was accomplished using Fisher's protected LSD at P 5 0.05.
RESULTS AND DISCUSSION
Analysis across year revealed year effects and interactions, so data are presented by year. Data are presented for species and management system main effects except for fall self-seeding plant density, because few species 3 management system interactions were detected. Only a cereal spike density interaction occurred in both years. The other three interactions will be discussed in the text in the appropriate section. , when mechanical control occurred at anthesis during two growing seasons. In 2004, the check and 4RLB treatments had higher rowzone soil water content compared with the 4REB and 4RNB treatments. In 2005, no soil water content differences were detected. In 2004, soil water measurement occurred on 17 May, and only 35 mm of the monthly 208 mm was recorded. April rainfall in 2004 was also 31% below the 30-yr mean. The expectation of the 4REB treatment was to preserve soil water in the row zone for soybean. In 2004, the 4REB had lower soil water content than the 4RLB treatment. These results indicate that soil surface cover by the cover crop was more important than soil water use by the cover crop for conserving soil water during early soybean growth.
Competition for light was also a concern in these treatments. Westgate et al. (2005) reported that rye intercepted 11 and 13% of photosynthetically active radiation in late July, when rye mechanical control occurred at anthesis. Reinbott et al. (1987) reported that competition for light in relay-intercropped soybean with winter wheat lowered soybean grain yield. Consequently, we used a rolling stalk chopper in all cover crop treatments except the 2RBNC to minimize light competition. Cover crop height after this operation was about 15 cm across species and management systems.
Tiller density of regrowth was higher in wheat than triticale and rye in both years (Table 3) . Tiller density was greater in the 2RBNC compared with all treatments in 2004 except the 2RB and all treatments in 2005. Both two-row treatments probably had greater tiller density than the 4RNB treatment because of greater light transmittance to the plant basal region. Westgate et al. (2005) reported no difference in rye tiller density when mechanical control occurred at the second node, boot, and anthesis growth stages (126 tillers m 22 ) in 2002 and ). Weed densities in early June in each year were similar for species and most management systems (Table 3) . In 2005, both two-row treatments had greater weed density than the four-row treatments. Presumably, this difference occurred because of greater light transmittance to the soil surface. In 2004, weed density was dominated by lambsquarters (Chenopodium album L.) and smartweed (Polygonum pensylvanicum L.), while only lambsquarters was dominant in 2005.
Cover Crop Growth
Cover crop DM at maturity was similar across species and averaged 630 and 370 g m 22 in 2004 and 2005 (Table 4 ). The 2RBNC treatment had greater DM than all other treatments both years. The 2RB treatment had greater DM than the 4REB treatment both years. Among the four-row treatments, differences in DM were limited to the 4REB and 4RLB in 2004. The 2RB treatment probably had greater DM than the 4RNB treatment because of less competition for resources. Although shields were used when the herbicide bands were applied, glyphosate drift may have affected cover crop growth and DM in the 4REB treatment. This treatment may have been affected more because stem elongation had not occurred when the herbicide band was applied.
Species differences were observed for height (Table 4) . At maturity, rye was 100 cm in 2004 compared with 73 and 63 cm for triticale and wheat. In 2005, a species 3 management system interaction was detected for cover crop height. Height of rye in the 2RB treatment (75 cm) was greater than all of the four-row treatments (67 cm), while these comparisons were similar in wheat and triticale. The 2RBNC treatment was the tallest in wheat (58 cm), triticale (86 cm), and rye (112 cm At the time of mechanical control, cover crop development stages ranged from the flag leaf just visible in wheat (Feekes 8.0), to first spikelet of the inflorescence just visible in triticale (Feekes 10.1), to one-half of the inflorescence emerged in rye (Feekes 10.3). The timing of the mechanical control favored regrowth of wheat, although no differences were detected either year for final DM yield and there were no species 3 management system interactions for final DM. Mechanical control of wheat at the earlier growth stage affected tiller density and spike density, which increased seed density 1 770b 78b 55 † Means followed by the same letter within a column and factor are not different at P 5 0.05. ‡ Two or four 19-cm rows between each 76-cm soybean row and mechanical control in all treatments except the 2RBNC using a rolling stalk chopper. § Species 3 management system interactions were detected both years. ¶ A species 3 management system interaction was detected.
in 1 yr compared with triticale and rye. Using final cover crop DM as a covariate in the analysis for soybean yield and yield components was not significant either year for any variable.
Soybean Yield and Yield Components
Harvest plant population densities were similar across species in both years and generally lower in the more competitive 4RNB and 2RBNC treatments (Tables 5  and 6 . The 4REB and 4RLB had similar DM both years. The 2RBNC had lower DM than the 2RB both years and the check had greater DM than the 4RNB both years. The 2RB had greater DM than the 4RNB only in 2004.
Cereal species had no effect on seed yield, while all management treatments yielded lower than the check both years. The 4REB and 4RLB had similar seed yield in 2004 (3165 kg ha Wallace et al. (1992) concluded that relay-intercropped soybean following wheat, when the period of overlap between wheat and soybean was relatively short, may not result in yield reductions. In our management systems, cover crops in the 2RBNC treatment matured earlier because no mechanical control occurred. In 2004 and 2005, averaged across species, the 2RNC treatment reached Feekes stage 11.4 on July 13 and 7 compared with about July 23 and 20 for the other treatments. Although the period of overlap between active cover crop growth and soybean was shorter in the 2RBNC, excessive shading to soybean limited light interception and probably had the greatest impact on lowering soybean seed yield.
The yield loss observed in this study was greater than expected. Reinbott et al. (1987) reported a 12% soybean grain yield reduction in their relay-intercropped system in wheat compared with full-season soybean when soybean was planted when wheat was at Feekes growth stage 10.3, no N was added, and soybean was planted in 80-cm row widths. Singer and Kohler (2005) reported a 30 to 60% yield reduction in a 2-yr study in Iowa using rye, averaged across mechanical control at the second node-, boot-, and anthesis-growth stages compared with a no-cover crop check. In their study, a skip-row system was not used. One explanation for the magnitude of the 0.50a 76c † Means followed by the same letter within a column and factor are not different at P 5 0.05. ‡ Two or four 19-cm rows between each 76-cm soybean row and mechanical control in all treatments except the 2RBNC using a rolling stalk chopper. § A species 3 management system interaction was detected.
yield loss we observed compared with Reinbott et al. (1987) ) when mechanical control occurred at the second node-, boot-, and anthesis growth stages in 1 of 2 yr. In the second year, treatment differences were detected, but tiller densities ranged from 11 to 4 tillers m 22 for control at the second node-, boot-and anthesis growth stages. Because seed number was similar between rye and triticale both years, lower seed quality of rye or the physical process of self-seeding may have reduced the efficiency of self-seeding in rye in this study.
These plant densities represent from 18 to 44% in wheat, 5 to 40% in triticale, and 3 to 43% in rye of the original fall densities. The earlier mechanical control of wheat in 2005 probably contributed to the greater selfseeding. However, the results also indicate cover crop seed production may not be the limiting factor. Assuming that the seeds produced were viable, seed dispersal may be the limiting factor. For conventional production systems, the 4RLB treatment in wheat exhibits the greatest potential. 
CONCLUSIONS
Winter cereal cover crops overlapping with soybean can self-seed, although species and management affect the extent of self-seeding. Using a combination of mechanical control and a late herbicide band over the soybean row was the least competitive system in this study and shows the greatest potential for adoption in conventional production systems. The four-row system using only mechanical control provides weed suppres- 12 † Two or four 19-cm rows between each 76-cm soybean row and mechanical control in all treatments except the 2RBNC using a rolling stalk chopper. ‡ Means followed by the same letter within a column are not different at P 5 0.05. § Means in 2004 followed by the same letter within a row are not different at P 5 0.05. sion and is probably best suited to no-tillage organic production systems. Additional research addressing the agronomics of these systems including cover crop seeding rate, timing of mechanical control, cereal and soybean cultivar selection, self-seeding cover crop seed viability, and seed dispersal are needed to develop less competitive self-seeding systems.
